Abstract. The clinical importance of intraductal papillary mucinous neoplasms (IPMN) of the pancreas has been increasing due to the large number of newly diagnosed cases. A meta-analysis was used to assess the accuracy of serum carcinoembryonic antigen (CEA) and carbohydrate antigen 19-9 (CA19-9) for the identification of malignant and invasive IPMN. A literature search of PubMed and Web of Knowledge was conducted. Studies included in the analysis addressed the diagnostic accuracy of serum CEA and CA19-9 and pooled estimates of sensitivity, specificity, positive-and negative-likelihood ratios (PLR and NLR), diagnostic odds ratio (DOR) and receiver operating characteristic curves were calculated using random-effects models. Predefined subgroup analysis was performed. Fifteen studies (published between 2001 and 2013) were analyzed, including a total of 1,629 patients. Pooled estimates of CEA in malignant and invasive IPNM prediction were: Pooled sensitivity, 18 and 18%; pooled specificity, 93 and 95%; PLR, 2.83 and 3.54; NLR, 0.89 and 0.89; and DOR, 3.35 and 3.6, respectively. Pooled estimates of CA19-9 in malignant and invasive IPMN prediction were: Pooled sensitivity, 40 and 52%; pooled specificity, 89 and 88%; PLR, 2.93 and 3.78; NLR, 0.74 and 0.6; and DOR, 4.34 and 6.33, respectively. In conclusion, serum CEA has low sensitivity and high specificity for malignant and invasive IPMN. Serum CA19-9 is a useful non-invasive preoperative tool for differentiating between invasive and benign IPMN and should be taken into account in the decision to perform surgery.
Introduction
Intraductal papillary mucinous neoplasms (IPMN) of the pancreas is a rare pancreatic disease. Since the World Health Organization (WHO) defined intraductal papillary mucinous tumor (1) in 1996 [renamed IPMN in 2000 (2) ], detection and awareness have increased. Classification of IPMN as according to the WHO nomenclature is as follows: Adenoma, borderline tumor, carcinoma in situ (CIS) and invasive carcinoma (1) . However, the classification of IPMN according to the 2010 WHO criteria is as follows: Low-, intermediate-, high-grade dysplasia and invasive carcinoma. IPMN was classified into three subtypes: Branch, main and mixed duct-type (3, 4) . Furthermore, much remains unknown regarding the incidence of malignancy, postoperative prognosis and natural course of this disease, despite the increasing number of patients diagnosed with IPMN. An IPMN has malignant potential; it first transforms from an adenoma to a borderline neoplasm followed by carcinoma, ultimately becoming invasive (5, 6) . Tumor resection is the only curative treatment for malignant and invasive IPMN. Benign and asymptomatic IPMN may be monitored and do not require surgical treatment (7) (8) (9) . Accurate assessment of the likelihood of malignancy or invasion is required for appropriate management of IPMN.
Various modalities, including computerized tomography, endoscopic ultrasound and magnetic resonance, have been (10) , even with modern cross-sectional imaging it remains difficult to predict malignancy correctly (11) . Analysis of cystic fluid from fine-needle aspiration has also been used to distinguish malignant tumors and potentially pre-malignant mucinous cystic neoplasms from pseudocysts and serous cystadenomas (12) . Cyst fluid carcinoembryonic antigen (CEA) and carbohydrate antigen 19-9 (CA19-9) are the most accurate tests available for the identification of malignant cystic lesions of the pancreas (13), but CEA and CA19-9 are of limited value in differentiating malignant from benign disease (14) . In patients with resectable ductal adenocarcinoma, raised serum levels of CA19-9 and CEA have been shown to predict the stage and survival rate (15) (16) (17) . The role of serum CEA and CA19-9 in predicting malignant and invasive IPMN remains controversial. The aim of the present meta-analysis was to determine the diagnostic precision of serum CEA and CA19-9 in predicting malignant and invasive IPMN.
Patients and methods

Selection of studies and subgroup categories.
A comprehensive literature search of PubMed and Web of Knowledge using the terms '(IPMN OR Intraductal papillary mucinous neoplasm) AND Pancrea*' was performed. Two investigators (Lufei Zhang and Linghui Chen) independently reviewed each study for fulfillment of the predefined inclusion criteria. The inclusion criteria were as follows: i) English language; ii) full-manuscript publication; iii) publication year, 2001-2013; iv) study design (prospective cohort, retrospective cohort and case series); v) study population (patients with IPMN confirmed by histology); and vi) minimum score of 11/14 in the quality assessment of diagnostic accuracy studies (QUADAS) checklist. Criteria for exclusion were: i) A specific serum CEA or CA19-9 cut-off value was not used to evaluate the sensitivity and specificity of differentiation of benign from malignant IPMN; ii) insufficient information to construct 2x2 contingency tables; and iii) editorials, review studies, duplicate publications and case reports.
Thresholds of 5 ng/ml CEA and 35 ng/ml CA19-9 have been used in published studies. Studies that included these thresholds were included in the meta-analysis despite serum CEA and CA19-9 being continuous variables.
Subgroup analysis. The following information was used to perform subgroup analysis: Year of publication, study location, number of patients, number of centers involved, study design and QUADAS scores. The effects of these variables on the sensitivity and specificity or inconsistency of CEA and CA19-9 for the diagnosis of malignant and invasive IPMN were assessed.
Statistical analysis. Outcomes of interest for diagnosis of malignant invasive in IPMN included: Sensitivity, specificity, likelihood ratios and area under the summary receiver operating characteristic curves (sROC) of CEA and CA19-9. Malignant IPMN was defined as CIS or invasive carcinoma. Data were extracted in the form of the true-positive, true-negative, false-negative (FN) and false-positive to construct 2x2 tables.
Data were analyzed using the statistical software package Meta-DiSc, version 1.4 (Clinical Biostatistics Unit, Ramón and Cajal Hospital, Madrid, Spain) (18) . Pooled estimates of sensitivity, specificity, positive-likelihood ratio (PLR), negative-likelihood ratio (NLR), diagnostic odds ratio (DOR) [with a 95% confidence interval (CI)] were calculated using the random-effects model. sROC was used to assess the interaction between sensitivity and specificity. DOR and area under the sROC curve (AUC) were used to analyze the diagnostic performance of serum CEA, and CA19-9 was used to distinguish benign from malignant IPMN and to differentiate non-invasive from invasive IPMN. I 2 expresses the variation across studies according to heterogeneity in the form of a percentage. The I 2 value is 0-100%, with 0% being a completely homogeneous study. A random-effects pooling method was used for high I 2 (>50%). Threshold analysis was performed using the Spearman coefficient to identify the correlations between sensitivity and specificity. ROC curves are the optimum summary measure of performance in place of pooled indices when a threshold effect is present.
Heterogeneity was explored by means of a subgroup analysis. Studies were allocated to pre-specified subgroups according to location, number of centers, QUADAS score and type of IPMN. Meta-regression using variables in the subgroup-analysis as 'dummy' variables for each category was performed to determine the main sources of heterogeneity.
Results
Systematic review. Of the 1,843 studies, 1,801 were excluded following a preliminary abstract review, leaving 42 for detailed full-text evaluation. A total of 15 met the inclusion criteria (9, (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) . The number of studies included is outlined in Fig. 1 , as according to the reason for exclusion at each stage of assessment. The included studies involved 1,530 patients; the characteristics of the included studies are shown in Table I . 
Meta-analysis
Serum CEA for malignant IPMN. In total, 10 studies were included for analysis (9, (20) (21) (22) (23) (24) (29) (30) (31) (32) . Pooled sensitivity was 18% (95% CI, 14-22%), pooled specificity was 93% (95% CI, 90-95%), PLR was 2.83 (95% CI, 1.90-4.24), NLR was 0.89 (95% CI, 0.85-0.94), DOR was 3.35 (95% CI, 2.09-5.36) and I 2 =0.0%. Parameters were homogenous and there was a significant correlation between sensitivity and specificity, indicating a threshold effect; therefore, a random-effects method was used. Forest plots of all indices of diagnostic accuracy are shown in Fig. 2 . Results were plotted as a symmetrical sROC curve (Fig. 3) . The AUC was 0.69 [standard error (SE), 0.03].
Serum CEA for invasive IPMN. A total of 9 studies were included (9, 20, 22, 24, 25, (28) (29) (30) 32) . Pooled sensitivity was 18% (95% CI, 13-23%), pooled specificity was 95% (95% CI, 93-96%), PLR was 3.54 (95% CI, 2.17-5.77), NLR was 0.89 (95% CI, 0.84-0.94), DOR was 3.6 (95% CI, 2.14-6.06) and I 2 =0.0%. Parameters were homogenous and there was a significant correlation between sensitivity and specificity, indicating a threshold effect; therefore, a random-effects method was used. Forest plots of all the indices of diagnostic accuracy are shown in Fig. 4 . Results were plotted as a symmetrical sROC curve (Fig. 5) . The AUC was 0.70 (SE, 0.03).
Serum CA19-9 for malignant IPMN. In total, 15 studies were included (9, (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) . Pooled sensitivity was 40% (95% CI, 36-44%), specificity was 89% (95% CI, 87-91%), PLR was 2.93 (95% CI, 2.10-4.09), NLR was 0.74 (95% CI, 0.64-0.84), DOR was 4.34 (95% CI, 2.65-7.10) and I 2 =58.6%. These parameters were highly heterogeneous; therefore, a random-effects method was used. Fig. 6 shows forest plots of all the indices of diagnostic accuracy with heterogeneity denoted. Results were plotted as a symmetrical sROC curve (Fig. 7) and the AUC was 0.73 (SE, 0.03). There was no significant correlation between A B C D Figure 3 . sROC curve of serum carcinoembryonic antigen for predicting malignant intraductal papillary mucinous neoplasms. sROC, summary receiver operating characteristic; AUC, area under the sROC curve; SE, standard error.
sensitivity and specificity, indicating the absence of a threshold effect. Several potential sources of heterogeneity were pre-identified: Study location, QUADAS score and type of IPMN. Differences in diagnostic accuracy were noted upon subgroup analysis (Table II) . These differences were subtle and contributed to the heterogeneity. Study quality was the main cause of heterogeneity. Meta-regression did not identify significant differences in diagnostic accuracy among the subgroups.
Serum CA19-9 for invasive IPMN.
A total of 9 studies were included (9, (20) (21) (22) 24, (28) (29) (30) 32) . Pooled sensitivity was 52% (95% CI, 46-58%), specificity was 88% (95% CI, 85-90%), PLR was 3.78 (95% CI, 2.83-5.05), NLR was 0.60 (95% CI, 0.48-0.76), DOR was 6.33 (95% CI, 3.89-10.30) and I 2 =38.2%. Parameters were homogenous and there was a significant correlation between sensitivity and specificity, indicating a threshold effect; therefore, a random-effects method was used. Forest plots of all the indices of diagnostic accuracy are shown in Fig. 8 . Results patients only contained the main duct IPMN. CI, confidence interval; DOR, diagnostic odds ratio; CA19-9, carbohydrate antigen 19-9; I 2 , inconsistency value; NA, not available; QUADAS, quality assessment of diagnostic accuracy studies; IPMN, intraductal papillary mucinous neoplasm.
were plotted as a symmetrical sROC curve (Fig. 9) . The AUC was 0.78 (SE, 0.03).
Discussion
The natural history and prognosis of patients with IPMN is unknown and molecular genetic events surrounding the development of these neoplasms are under investigation. Controversy exists regarding surgical treatment (22) . The correct differential diagnosis between benign and malignant IPMN is crucial for deciding on appropriate management. With small IPMN, patients with questionable malignancy on cross-sectional imaging or those with multiple co-morbidities, and raised levels of tumor markers (CA19-9 >37 U/ml and/or CEA ≥5 µg/ml), may facilitate the decision to proceed with surgical resection instead of conservative management. A useful marker would guide preoperative decision-making, postoperative follow-up and therapy (22) . The CEA and CA19-9 tumor markers have been investigated extensively in terms of the diagnosis and prognosis of ductal adenocarcinoma (16, (33) (34) (35) . The present meta-analysis showed serum CEA and CA19-9 to be moderate predictors of malignancy and invasiveness.
CEA is a 180-kDa cell-surface glycoprotein that is increased in >60% of patients with pancreatic ductal adenocarcinoma (36) . The pooled sensitivities of CEA for malignant and invasive IPMN were all 18%, indicating an FN diagnosis, and is not useful for screening high-risk populations. Pooled specificities were 93 and 95%, respectively, indicating the prediction of IPMN malignancy. The PLR of 2.83 and 3.54 suggested that a CEA level >5 ng/ml is a good predictor of malignancy and invasiveness, albeit not optimal. While a single binary threshold facilitates clinical decision-making, 
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considering CEA as a spectrum may be more appropriate. Arbitrarily raising the threshold would make CEA superior for predicting malignancy, but a significant proportion of cases would not be diagnosed. CEA is released from the periphery of the cancer cell membrane and subsequently enters the systemic circulation. Analysis of cyst fluid is useful, but in certain studies pooled estimates of CEA in malignant cysts had a poor predictive value (14, (37) (38) (39) (40) (41) . Therefore, the utility of CEA levels to differentiate benign from malignant IPMN and distinguishing non-invasive from invasive IPMN were limited. The present findings indicated that clinical decisions, particularly those regarding surgery, should not be based solely on an elevated serum CEA level. CA19-9, a tumor-associated glycoprotein, increases in 85% of patients with pancreatic ductal adenocarcinoma (42) . Compared to serum CEA, serum CA19-9 is an improved predictor of malignancy. The pooled sensitivity and specificity were 44 and 85%, respectively; the PLR was 2.36 and the NLR was 0.73. There were several potential sources of heterogeneity; therefore, a subgroup analysis was performed and random-effects models were used. Subtle differences in diagnostic accuracy were noted, although these could not account for the heterogeneity. These findings strengthen the results of serum CA19-9 in the study. In addition to prediction of malignancy, increased levels of CA19-9 in the present study correlated significantly with invasive IPMN. Consequently, limited resections, such as enucleation, should not be undertaken in patients with positive-tumor markers. Lymphadenectomy should be performed as part of an appropriate oncological resection.
As with any meta-analysis, the present study had limitations. There was significant heterogeneity among the studies. The study attempted to address this by employing pre-specified subgroup analysis and meta-regression, but significant heterogeneity persisted. Heterogeneity could be due to minor variations in patient populations, methods of sampling, techniques used to assay samples and the proportion of patients with malignant disease. Studies with negative results were likely unpublished, leading to publication bias. To the best of our knowledge, validation of the methods used to assay serum CEA and CA19-9 levels has not been reported.
The pooled sensitivity and specificity of CEA was inadequate to warrant their use as a diagnostic test or to replace conventional diagnostic imaging. The markers may serve as complementary tools during preoperative staging investigations of IPMN to distinguish benign and malignant tumors. Serum CA19-9 is a useful non-invasive preoperative tool for differentiating between invasive and benign IPMN and should be taken into account in the decision to perform surgery. 
